In crosses between bacteriophages T2 and T4 most early genes of T2 are partially excluded from the progeny. Six genes of T4 affect the exclusion of six corresponding exclusion-sensitive sites in T2, each gene being specific for the exclusion of one site.
INTRODUCTION
In infections with two unrelated bacteriophages only one of the two types is produced as progeny (Adams, 1959) . The lytic bacteriophages T2 and T4 are closely related (Russell, 1974; Kim & Davidson, 1974) and both types are produced after mixed infection. However, on closer inspection, most early genes of T2 are under-represented in the progeny. A few early and almost all late genes occur with a normal frequency in the progeny. This under-representation is known as partial exclusion.
Genetic analysis of partial exclusion (Streisinger & Weigle, 1956; Pees & De Groot, 1970 , 1975 Russell & Huskey, 1974; Pees, 1970; E. Pees, unpublished data) has shown six exclusion-sensitive sites on the genome of T2, near the T2 genes 32, 39, 56, 42, agt and dam.
The genetic maps of T2 and T4 are almost identical (Russell, 1974) and the T4 map has been reviewed recently (Wood & Revel, 1976) . In the progeny of mixed T2 × T4 infections the exclusion-sensitive sites of T2 are totally absent, while the neighbouring genes of T2 are under-represented roughly in proportion to their distance from an exclusion-sensitive site. Six genes of T4 each affect the exclusion of one particular exclusion-sensitive site of T2. These genes are defined by mutations that are unable to exclude the specific site of T2 (ex 32, ex 56 etc.). Although most ex mutations have an effect only on the exclusion of the specific site, some ex mutations show reduced exclusion of neighbouring exclusion-sensitive sites as well (Pees, 1970 The mechanism of partial exclusion is still unknown. Although the breakdown of excluded parental T2 DNA has been reported (Hattman, 1964; Masamune, 1968; Mahmood & Lunt, 1972) , careful sucrose-gradient analysis of parental T2 DNA has not confirmed this (Okker, 1974) . Therefore, the expression of an excluded T2 gene and the influence of a T4ex mutation on this expression was studied. The T2 gene 56 was chosen because this gene is strongly excluded and the exclusion-sensitive site has recently been localized within it (Okker et al., 1981) .
METHODS
Bacteriophage and bacterial strains. The bacteriophage strains used are given in Table 1 . Recombinant strains were made by means of genetic crosses. Escherichia coli B Str R (streptomycin-resistant) is sup +. This strain was used as a host in crosses and mixed infections and as a sup + indicator bacterium in the plaque assay. Escheriehia coli K704 sup E was used as a sup-indicator bacterium. General microbiological and phage procedures have been described previously (Adams, 1959; Pees & De Groot, 1975) .
Biochemicals. Unlabelled deoxycytidine triphosphate (dCTP), deoxythymidine monophosphate (dTMP), deoxycytidine monophosphate (dCMP) and deoxyuridine monophosphate (dUMP) were obtained from Sigma. Deoxyadenosine (dAdo) was from Merck.
[5-3H]dCTP, [methyl-3H]dTMP and [6-3HJthymidine were from The Radiochemical Centre, Amersham. Oxolinic acid was a gift of Dr A. C. van Sluis, Leiden, The Netherlands.
Induction and assay of enzymes. The procedures were essentially according to Wiberg et al. (1973) . E. coli B Str R was grown in LB medium (Pees & De Groot, 1975 ) to a concentration of 1 × 108 cells/ml. The low concentration of host cells at harvest was essential for optimal expression of exclusion. The cells were harvested, resuspended at 5 x 108 cells/ml in fresh LB and vigorously aerated at 37 °C. The induction of phage enzymes was started by adding phage at an m.o.i, of 6 for each parental strain. Phage enzyme induction was halted by chilling to 0 °C and by addition of 20 mM-sodium azide. The infected cells were concentrated twofold in 0.05 M-tris-HC1 pH 7.6, 5 mM-MgSO 4, 10% (v/v) glycerol and 2 mM-mercaptoethanol and lysed overnight at 4 °C with 0.2 mg/ml lysozyme and 25 mM-EDTA. After removal of debris, the extract was stored at -80 °C. Enzyme activities remained unchanged for at least 2 months.
The product of gene 56 (deoxycytidine triphosphate nucleotidohydrolase, dCTPase; EC 3.6.1.12) was assayed according to Wiberg et al. (1973) with the following modifications: magnesium acetate was 7.6 /~mol/ml and the substrate [3H]dCTP was present at 472 nmol/ml at a specific activity of 1.69 Ci/mol. Since the crude extracts contained dCMP deaminase (Price & Warner, 1968) , the formation of dUMP and dCMP was measured. The product of gene I (deoxynucleoside monophosphate kinase, dXMP kinase, EC 2.7.4.4) was assayed according to Wiberg et al. (1962) with threefold higher substrate concentration [3H]dTMP at a specific activity of 4 Ci/mol. Standard enzyme incubations contained 500/~1 in which 100 ¢tl or less was extract. Substrate and reaction products were separated on 20 x 5 mm Dowex AG1-X8 (Bio-Rad) columns and radioactivity in samples of the relevant fractions measured by liquid scintillation counting.
DNA synthesis. DNA synthesis in phage-infected cells was measured by in vivo incorporation of [3H]thymidine into trichloroacetic acid (TCA)-insoluble material. Labelling was in LB medium with 200 ~tg/ml dAdo and 1 ~Ci/ml [3HJthymidine. Samples of 1 ml were lysed with lysozyme, EDTA and 0.1% SDS and precipitated with 5 % TCA at 45 °C. The precipitates were collected on Millipore filters, washed three times with 5 % TCA and once with 96 % ethanol, and counted.
RESULTS
To Verify the exclusion properties, the strains to be used were crossed ( The assays for dCTPase (product of gene 56) and dXMP kinase (product of gene 1) were carried out with excess substrate as shown in Fig. 1 . Linearity occurred in the dCTPase reaction until 64% of the substrate was used, and in the kinase reaction until 39% of the substrate was used.
The activities of dCTPase induced by T2 gene 56 + were measured in mixed infections in E.
eoli B (sup +) either under conditions of exclusion (T2 + × T4 B85B24) or under conditions of reduced exclusion (T2 + × T4 B85B24 35m). The homologous infection T2 + × T2
am6 lain 153 served as a control. Gene 1 + activity of T2 was measured simultaneously as an internal standard. Fig. 2 (a) shows that the induction of dXMP kinase was approximately the same for the three different mixed infections, indicating that the extracts from the mixed infections were comparable. Enzyme induction showed a lag of 4 min, followed by a rapid increase in the amount of enzyme until 10 to 12.5 min. At this time enzyme synthesis stopped abruptly. This induction pattern is typical for a T-even-induced delayed-early enzyme (Rabussay & Geiduschek, !977) . Fig. 2 (b) shows the induction of dCTPase, which is also a delayed-early enzyme. The rate of enzyme induction was reduced in the exclusion infection and at 14 min showed 40% of the activity of the control. In the infection with reduced exclusion (T2 + × T4 B85B24 35m) the rate of enzyme induction and the enzyme level at 14 min were intermediate between exclusion infection and control. Excluded genes of T2 are less replicated in a mixed infection than the homologous genes of the unexcluded T4 (R. Okker, unpublished data). It is conceivable that the decreased induction of dCTPase in an exclusion infection is due to this unequal replication of T2 56 + and T4 am56. Therefore, enzyme induction was studied in the absence of DNA replication.
DNA replication was inhibited specifically with the antibiotic oxolinic acid. Addition of 50 pg/ml oxolinic acid before the start of DNA replication prevented replication while addition at later times arrested replication immediately (Fig. 3) . Fig. 4 and Table 3 give data of the induction of dCTPase and dXMP kinase in the presence of oxolinic acid. In the absence of DNA replication, enzyme induction continued after 12.5 min, in contrast to the experiment in Fig. 2 . This was to be expected because early enzyme induction is protracted in the absence of DNA replication (Wiberg et al., 1973) . From Table 3 it appears that oxolinic acid inhibited slightly the expression of gene 1 (compare lines 1 to 3 with lines 4 to 9) and gave 72% inhibition on the gene 56 expression. To correct for little but important variations in the multiplicity of infection of the present strains (see Discussion), the ratio dCTPase/dXMP kinase is given together with the actual observations. From the ratios it is clear that in the 3.8 x 10 -4 8.5 x 10 -2 2.5 x 10 -t * Bacteriophage strains were crossed (Pees & De Groot, 1975) in E. coli B as a host with a multiplicity of infection of 6 for each strain. The infected bacteria were plated on E. coli K704 (supE) indicator bacteria and the progenies of the crosses were plated on E. coli B (sup +) and E. coli K704 (supE) indicator bacteria. The supE indicator allowed the development of the whole progeny, while the sup + indicator allowed only the development of the am + phages. The burst size is the number of phages per infected host bacterium. The data are averaged from duplicate experiments.
t The expected frequency was calculated as the product of frequencies of the appropriate single-am strains. 
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Time ( Groot, 1975) . The mechanism of this partial exclusion was studied using the induction of excluded T2 + early enzymes. To this end T2 + given.
was mixedly infected in a sup + host bacterium with T4 bearing amber mutations in the genes 56 and 1. The gone product of T2 + gone 56-dCTPase-was measured as representative for an excluded gone, the gone product of T2 + gene 1-dXMP kinase-was measured as an internal control. The amount of early enzyme induced in a mixed infection of wild-type and amber mutant phage strains in a sup + host is proportional to the frequency of the wild-type phage in the infecting population (Wiberg, 1967) . Due to this dilution effect small variations in the multiplicity of infection of both parents influence the induction of early enzymes. Therefore, enzyme induction experiments are better compared by the ratio dCTPase/dXMP kinase than by the actual results (Table 3) . It is conceivable that unequal replication of the parents in a mixed infection, as has been found in an exclusion infection (R. Okker, unpublished results), will lead to a dilution effect due to alteration of wild-type and amber gone frequencies during phage development. The decreased induction of dCTPase in an exclusion infection (Fig. 2 ) might then simply be due to unequal replication of the parents. Therefore, enzyme induction in the absence of DNA synthesis was studied.
Oxolinic acid, which is related in action with nalidixic acid, inhibits in vivo selectively the replication of E. eoli without severely influencing the transcription and the translation (Staudenbauer, 1976) and it inhibited in vivo T-even replication completely (Fig. 3) . The inhibition of replication is due to the inhibition of the enzyme DNA gyrase in E. coli (Sugino et al., 1977; Gellert et al., 1977) and ofT-even-induced topoisomerase in T-even-infected cells (Liu et al., 1979; McCarthy, 1979) . Genes may be differentially inhibited in expression by oxolinic acid (Yang et al., 1979) . However, differences in inhibition of expression of the genes T2 56 + and 1 + are not relevant for the comparisons made in Table 3 because the enzyme-inducing phage was always the same T2 + or T2-4 (T2 + cannot be compared with T2-4).
Comparison of the ratios of induction related to the control (Table 3 , last column) of infections without and with oxolinic acid (Table 3, lines 2, 3 and 5, 6, 8, 9 respectively) showed that the induction of dCTPase was about the same in both experiments. This indicates that the inhibition of dCTPase induction in exclusion infections is not due to a dilution effect caused by selective replication of one of the parents but is an independent effect of exclusion. This inhibition is found in the absence of replication, indicating that T4 ex 56 is 
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273 an early gene, because only early genes are transcribed in the absence of replication (Rabussay & Geiduschek, 1977) . The induction of dCTPase in the infection T2 + × T4 B85B24 35m was intermediate between those in the exclusion infection and the control. This corresponds roughly to the weak exclusion of T2 gene 56 in this cross (Table 2 , line 5). The weak exclusion is due to the exclusion of neighbouring exclusion-sensitive sites, not to residual activity of the mutated T4 ex 56 gene (E. Pees, unpublished results). The hybrid T2-4, with the 56 + gene of T2 and the other early genes of T4, was used to eliminate the influence of exclusion on sensitive sites other than the 56 site. The exclusion of the T2 gene 56 + of this hybrid strain is as strong as in T2 + in crosses with T4 ex +, but exclusion is completely absent in crosses with T4 35m (E. Pees, unpublished results).
The induction of dCTPase by the hybrid strain was low. This is probably due to recombination between T2 and T4 in a regulatory sequence of gene 56. The ratios dCTPase/dXMP kinase showed that the expression of the excluded T2 gene 56 + of the hybrid was 67 % of the control and that the expression of the unexcluded T2 gene 56 + was equal to the control. The strong exclusion of the 56 site thus corresponds to a small inhibition (23 %) of the expression of gene 56 and the inhibition of enzyme induction in T2 + × T4 B85B24 35m is due to exclusion of other parts of the genome. The mechanism of this regulation 'at a distance' remains unknown.
The exclusion-sensitive 56 site has been localized within gene 56 (Okker et al., 1981) . The small inhibition of expression of the excluded gene rules out the breakdown of excluded T2 DNA. The genetic effects of exclusion and the effects on gene expression are most simply explained by assuming that the ex + gene products bind to the T2 DNA at or near the exclusion-sensitive sites and interfere slightly with the transcription of the excluded gene, 
